Failure of air plasma sprayed (APS) thermal barrier coatings (TBCs) with a double-layered bond coat was investigated. The bond coat consists of a dense layer near the substrate side and a porous layer on the surface. Both were made of NiCoCrAlY alloy and deposited using high velocity oxygen-fuel technique. After thermal cycling, a large amount of internal oxides formed (up to 45% in volume fraction), introducing a significant volume expansion both in in-plane and perpendicular direction in the bond coat. However, the presence of the ceramic top coat can suppress the bond coat in-plane swelling thus lowering the internal oxidation rate.
A C C E P T E D M A N U S C R I P T

Introduction
Air plasma sprayed (APS) thermal barrier coatings (TBCs) are widely employed in the hot sections of industrial gas turbines to protect the underlying metallic components from high temperature, and to increase the efficiency of the turbines by enabling higher turbine inlet temperature [1] [2] [3] [4] [5] . It is well accepted that the surface roughness and aluminum supply in the bond coats are the most critical factors for the TBC's durability. To maintain a sufficient aluminum supply for the formation of protective alumina (also termed as thermally grown oxide, TGO), a fully dense MCrAlY bond coat was usually deposited using high velocity oxy-fuel (HVOF) technique. However, the surface of a dense bond coat prepared by HVOF is relatively smooth (e.g., varying from 2 to 8 μm [6] ), which could not ensure a good interlocking with the yttria stabilized zirconia (YSZ) top coat. Although the rough surface of the bond coat can be achieved by HVOF, the porosity of the coating will increase [6] . To improve the surface roughness of the bond coat, a second rough MCrAlY layer, deposited using either APS or HVOF, was applied on the dense MCrAlY bond coat. For example, Nowak et al. [7] reported that the double-layered bond coat, i.e., an inner HVOF layer and an outer APS layer, could substantially extend the lifetime of the APS TBCs, due to the more "micro-rough" surface. Nevertheless, the in-flight oxidation of MCrAlY particles during APS process could decrease the aluminum content as well as inhibit the Al outward diffusion, which may shorten the lifetime of the TBC system [8] [9] [10] . To avoid this detrimental effect, the HVOF technique is employed to fabricate the rough outer layer through manipulating the powder size and spaying parameters [6] , which is relatively dense and free of in-flight oxidation compared with the APS technique. In addition, there is no need to change the spraying gun during bond coat deposition. Consequently, the HVOF becomes the preference
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4 technique to fabricate a double-layered bond coat for the gas turbine industry and prove to prolong the lifetime of the APS TBCs.
However, it has been demonstrated that the coating porosity is proportional to the surface roughness of the HVOF bond coats [6] . To achieve a large surface roughness, the rough outer layer is relatively porous. Therefore, the internal oxidation 1 of the rough bond coat layer is inevitable during long-term exposure at high temperature. Actually, the internal oxidation is a common phenomenon even for a single layered bond coat [10, [14] [15] [16] . For example, it was reported that, for an APS bond coat, the amount of the internal oxides can be up to 50% (in volume) after 120 cycles at 1121 °C [15] . If the internal oxidation occurs, it will cause several detrimental effects. All of above could lead to the premature failure of the APS TBCs. However, the internal oxidation might have beneficial effects. For example, it could lower the overall coefficient of thermal expansion (CTE) of the bond coat, and thus reduce the compressive stress in the YSZ top coat (due to the CTE gradient). This should be beneficial to the TBCs lifetime because the driving force for the coating spallation is lower. However, to date, few efforts have been made to investigate on the effect of internal oxidation on the failure of the APS TBCs.
Therefore, the objective of this work is to investigate the role of internal oxidation in the failure of the APS TBCs with a double-layered HVOF bond coat. The evolution of
microstructure, internal oxidation rate, e.g., internal oxides content and oxidation depth through thickness, and residual stresses in the top coat were measured. In addition, the effect of the internal oxidation on the interface roughening was also investigated. The beneficial and detrimental effects of internal oxidation on the APS TBC's failure were discussed. It is expected that these findings will help to understand the failure mechanism of the APS TBCs with a double-layered bond coat.
2 Experimental procedure
Sample preparation
In this work, the TBCs consisted of a YSZ top coat and a double-layered NiCoCrAlY bond coat on Hastelloy-X substrate. The intention of using the double-layered bond coat was to increase the surface roughness, as aforementioned. The inner bond coat was fully dense and the outer bond coat had a rough surface. Both layers were deposited by HVOF but with different spraying parameters, using the same NiCoCrAlY alloy powder (Amdry 365-2, Oerlikon Metco). Prior to the deposition of the top coats, all bond coats were annealed in vacuum at 1120 °C for 24 hours. Then the top coats were deposited by APS using ZrO 2 -8 wt.% Y 2 O 3 powder (8YSZ, Metco 204B NS, Oerlikon Metco). The thicknesses of inner and outer bond coats and the top coat are ~230 μm, ~175 μm and ~400 μm, respectively. A fully dense single layered NiCoCrAlY bond coat was also prepared for comparison, using the same powder with the double-layered bond coat.
Thermal exposure
The button shaped samples, with 25.4 mm in diameter and 3 mm in thickness, were used for thermal cycling lifetime test, which consisted of 10-minute heat up to 1150 °C, 23.5-hour dwell at 1150 °C and followed by a 20-minute air cooling. The TBCs failure was defined as
the spallation area was greater than 10 %. At least 10 samples were used for thermal cycling life test. After required exposure, some specimens were removed from the furnace for residual stresses and microstructure examination. To evaluate the surface roughness and volume changes of the bond coat, isothermal exposure instead of thermal cycling was also conducted at 1150 °C. At least 5 samples were used for each condition.
Quantitative analysis of internal oxides
The polished cross-sections were observed using a scanning electron microscope (SEM, FEI F50) coupled with an energy dispersive spectrometer (EDS, Oxford). The volume fraction of internal oxides was quantified by image analysis using ImageJ software. All the images were taken from the cross section in backscattered electron mode with 1500 μm × 1300 μm field of view and numerical resolution ~0.68 μm/pixel. At least six randomly selected areas, with sampling area of greater than 1.2 mm 2 , were analyzed. The interface TGO layer was not taken into account in the measurement of the internal oxides fraction.
Roughness characterization
The changes of interface roughness should be investigated as one possible cause to interface cracking, due to some internal oxides generated close to the interface. The top coat/TGO interface roughness was also quantified based on cross-sectional SEM micrographs, using the procedure described elsewhere [17] . For the bond coats, the surface roughness was investigated using a profilometer (Zegage, Zygo, USA). Each measurement covered a field with 2 mm × 8 mm, and at least five measurements were carried out.
Raman spectroscopy
The YSZ stresses were evaluated using Raman spectroscopy. Raman spectra were collected using a confocal Raman microprobe system (LabRAM HR Evolution, Horiba, Jobin
Yvon, France) coupled with a 532 nm excitation. The laser beam was focused on the surface of the YSZ top coat through a 50× (0.75 NA) objective lens. Small pieces of as-sprayed coating were scraped off and each annealed in air with different time, as the stress-free samples. At least 20 positions were randomly selected. All the spectra were fitted by a mixed
Lorentzian-Gaussian function to obtain the peak position. The Raman band at 465 cm -1 was selected for stress measurement because of its large stress-induced peak shift and can be well separated from the other peaks [18] . sprayed NiCoCrAlY bond coats after oxidation. However, the mixed oxides was formed early on the surface of the double-layered bond coat than the dense bond coat with the same thermal exposure time, due to a high depletion rate of Al in the former. Generally, the delamination of the TBCs located at the top coat/TGO interface as shown in Fig. 3 . Most interface TGO is bonded well onto the bond coat side.
Results
Microstructure evolution during thermal exposure
Internal oxidation rate
To quantify the internal oxidation, it is necessary to measure the changes of internal oxides fraction during the thermal cycling. The dependence of internal oxide fraction with the thermal cycles is plotted in Fig. 4a . There is a rapid increase in the first five cycles, followed by a linear increase with a low rate. The internal oxides fraction is about 38 % -44 % for the failed TBCs. As the increase of internal oxides, the thicknesses of the outer bond coats also increase. Fig. 4b plots the thickness changes of the inner and outer bond coat layers. Here the two bond coat layers are distinguished by whether contains the internal oxides, because the internal oxides mainly formed in the outer bond coat layers. The thickness of the outer bond coat layer has a rapid increase in the first five cycles, then follows a linear increase, while the thicknesses of the dense inner bond coat layer decrease with the increase of thermal cycles.
One possibility is that oxygen can also infiltrate into the inner layer along the inter-splat boundaries during internal oxidation.
Although the YSZ is transparent to oxygen [19] , different internal oxidation rates appear in the samples with/without the YSZ top coats, as shown in Fig. 5 . The bond coats were only
annealed to 100 hours to avoid the effect of TGO delamination (or spallation) on internal oxidation rate. The amount of internal oxides in the bond coat is nearly two times of the sample with the YSZ top coat under the same annealing time. Fig. 6 presents the corresponding cross-sectional microstructure of the samples with/without the YSZ top coat.
For the bond coats, the TGO spallation and open cracks (black arrows) in the outer bond coat layer is observed (Fig. 6a) . With the YSZ top coats, the TGO layer is still intact and no open cracks within the outer bond coat layer (Fig. 6b) . It indicates that these open cracks in the outer bond coats were suppressed with the constraint of the YSZ top coat. Then the lower infiltration rate of oxygen into the bond coat will reduce the extent of internal oxidation.
Volume expansion in bond coats
It is well known that the transformation of most pure metal or alloy to oxides will cause volumetric expansion [20] . The internal oxidation will induce the volumetric expansion of the bond coat perpendicular and parallel to the YSZ top coats. The dependence of total thickness of the bond coat (TGO layer not included) with thermal cycles was plotted in Fig. 7 .
Following a significant increase (first 5 cycles), the total thickness of the bond coat shows a linear increase with the increase of thermal cycles. It is up to 16% after 61 thermal cycles, as
shown by the inset in Fig.7 .
To observe the in-plane swelling, four cross-sections of each sample were ground and polished prior to thermal exposure. In-plane swelling was observed in the outer bond coat layer (Fig. 8a) . However, there is different extent of the bond coats swelling between the samples with/without YSZ top coats. The in-plane swelling in the bond coats is nearly three times than the samples with the YSZ top coats. One of the primary cause should be the more internal oxides formed in the former, as shown in Fig. 5 .
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Although the internal oxidation should be one cause to volumetric expansion of the bond coats, there may be other factors, e.g., inter-diffusion between the bond coats and substrate.
The volume changes of a fully dense bond coat were also compared (Fig. 8c) . There is no apparent swelling in the dense bond coat during thermal exposure. It suggests that the volumetric expansion of the bond coat is less affected by the inter-diffusion between the bond coat and substrate than the internal oxidation.
Surface/interface roughness
It is accepted that the bond coat/top coat interface morphology plays a key role in the APS TBCs lifetime [7, 21] . However, it is unknown whether the interface morphology changes with the formation of significant internal oxides. As shown in Fig. 9a , the top coat/TGO interface roughness increased continuously until the coating failure. The interface roughness, Ra, of the failed samples increases by 1 μm than that of the intact samples.
To confirm the effect of internal oxidation on interface roughening, the surface roughness evolution for the double-layered was compared with the dense bond coat, as shown in Fig. 9b (solid line). There is no surface roughening of the dense bond coats, while significant increase occurs in the double-layered bond coats. Since different deposition parameters, initial roughness value is different between the double-layered and the dense bond coats. To eliminate the difference in initial roughness, the tests were conducted again using these two types of bond coats with polished surfaces (dash line in Fig. 9b ). Although there is slight increase in surface roughness of the dense bond coat, the double-layered bond coat shows a higher increase. The roughness evolution in bond coats with either rough (sprayed) or smooth (polished) surfaces suggests that the internal oxidation may play a key role in the surface roughening of the double-layered bond coat.
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Since there is no internal oxide in the dense bond coat, the surface rumpling was mainly induced by the TGO stresses (either the growth stress or the thermal misfit stress between the TGO and the substrate) [22, 23] . For the sprayed dense bond coat, the surface is rough (Ra ≈ 16 μm). Both the growth stress and thermal misfit stress can be significantly released, leading to a much lower TGO stress compared with the polished bond coat. Therefore, the surface rumpling for the sprayed bond coat is lower than the polished one. In addition, the oxide formed on the sprayed bond coat (i.e., rough surface) is not uniform, which also shadow the change of the surface roughness. Contrastly, the polished bond coat has a smooth surface, and the TGO formed is uniform. Therefore, the roughness change shows a clear trend than the sprayed bond coat.
Residual stresses in TBCs
The residual stress in the top coat is usually considered as one of the driving forces for TBC failure [24, 25] , and the presence of the significant internal oxides may affect the stresses in the top coat. Hence, the stress in the YSZ layer was measured by Raman technique using the approach employed by Limarga et al. [26] . Since the top coat is much thinner than the substrate, the coating stress can be approximated to a biaxial stress, , which can be calculated from the Raman peak shift, , as follows [26] :
where, is the Poisson's ratio of the top coat, which is 0.25; and is the in-plane Young's modulus (E) of the plasma sprayed and the fully dense YSZ, which is ~50
GPa and 210 GPa [26] , respectively; is the piezospectroscopic (PS) coefficient for the dense 7YSZ under uniaxial stress, which is 2.01 cm -1 /GPa for 465 cm -1 [18] . It should be noted that the measured stresses represent the stress state near the top coat surface, since the
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Raman spectroscopy sampling depth was found to be ~40 μm in APS YSZ [27] . decreased to zero. This is because the cracking generated at the top coat/TGO interface (the inset shown in Fig. 10 ), which releases the stress in the top coat. In addition, the outer bond coat layer with internal oxidation can be considered as an intermediate layer with a low CTE, which may share part of the CTE stress between the substrate and the top coat.
Discussion
Based on the above results, the internal oxidation resulted in the volumetric expansion of bond coats. The presence of the YSZ top coat constrained the swelling of the bond coat and lowered the internal oxidation rate. The internal oxidation was the primary cause for the increase of interface roughness. The internal oxidation has benefit and detriment to the TBC's durability, as discussed below.
Effect of internal oxidation on the TBCs stresses
The formation of internal oxides should result in a low CTE and a high Young's modulus
of the outer bond coat. According to the rule of mixture, the CTE and the Young's modulus of the outer bond coat layer can be expressed by:
where, f is the volume fraction of the internal oxides, and the subscript I and M represents the internal oxides and metal phase in the outer bond coat, respectively. The CTE of metal phase (predominantly γ-Ni) and internal oxides (predominantly α-Al 2 O 3 ) are approximately 13×10 -6 /K and 8×10 -6 /K at room temperature [29] , respectively; the Young's modulus of the metal phase and α-Al 2 O 3 are approximately 200 GPa and 375 GPa [29] , respectively. The dependence of the calculated CTE and Young's modulus of the outer bond coat on the internal oxides fraction was plotted in Fig. 11 . The CTE of the outer bond coat decreases with the increase of the internal oxides fraction. With more than 20 vol.% internal oxides, it is very close to that of the APS YSZ, 9.7×10 -6 /K ~ 11×10 -6 /K [26, 29, 30] . The Young's modulus of the outer bond coat increases with the increase of internal oxides, which is significantly higher than that of the substrate (Fig. 11b) . These changes in bond coats should affect the CTE misfit stress gradient between the top coat and the substrate.
The CTE misfit stresses in the multilayer are calculated based on elastic solution [31] .
The schematic of the calculated model is shown in Fig. 12 . Three layers with individual thickness are bonded sequentially to a substrate with a thickness, . The coordinate system defined such that the interface between the substrate and 1 st layer is located at , the substrate's free surface is located at . The interface between layers and is located at . With these definitions, the relation between and is described by, M A N U S C R I P T
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The in-plane stresses in the substrate and coatings, and , are related to thermal strains by [31] ,
In equations (5) and (6), where, c is a uniform strain component in the multilayer by thermal misfit; is the location of the bending axis; k is the curvature. The thickness parameters are displayed in Fig. 4b , and the materials properties required are summarized in Table 1 and Fig. 11 . It should be noted that the properties of materials at room temperature are used. In all cases, the TBCs are assumed to be stress-free at annealing temperature. The coating system is cooled to room temperature (298 K) from 1423 K, .
The thermal misfit stresses were calculated for in the TBC system with 18 thermal cycles ( Fig. 13) , since the interface cracking was observed. The CTE misfit stresses in as-sprayed TBCs (assumed cooling from 1423 K to room temperature) were also calculated for comparison. The greatest difference in the stress distribution occurs in the outer bond coat.
Significant compressive stresses present in the internally oxidized outer bond coat. Although the residual stresses in the top coat decrease with the internal oxidation, it is still compressive
and just decreases by 17 % (~50 MPa). In addition, this difference in the top coat stresses could be smaller if the creep deformation of the bond coats was considered. Since the coating spallation mainly occurs at top coat/TGO interface, the stresses in the top coat will directly affect the driving force to interface cracking [32] . Therefore the presence of the internal oxides in the outer bond coat layer may play a minor role to extend the APS TBCs lifetime.
Effect of internal oxidation on interface cracking
The distribution of the internal oxides is non-uniform, which may cause local volumetric expansion in the bond coat close to the interface. It may be the primary cause to the interface roughening, then induces interface cracking. Fig. 14 shows the dependence of the roughness increase on the internal oxides fraction. With the YSZ top coat, the TGO/top coat interface roughness will have an apparent increase when the internal oxides fraction increases to 30% -35%. The increase in TGO/top coat interface roughness can be up to 1.5 μm. Without the YSZ top coat, a larger increase measured from the bond coat surface was observed. In particular, a rapid increase took place at the low internal oxides fraction, e.g., 10 vol.%. The roughness increase in bond coat surface can be up to 4 μm. It indicates that the presence of the top coat can suppress the interface roughening at the beginning of internal oxidation. However, the interface roughening will occur when the internal oxides fraction reaches a critical point, e.g., 30 vol.% (corresponding for the occurrence of the interface cracking). Since the internal oxidation generates continuously, the TBCs will fail eventually.
The schematics of the internal oxidation and the failure mode of the APS TBCs with a double-layered bond coat are summarized in Fig. 15 . The oxygen will infiltrate into the porous bond coat along the inter-splat boundaries during the thermal exposure. Then the internal oxides will form at the open porosity in the porous bond coat, which induces the
thickening and in-plane swelling of the bond coat. The internal oxidation will induce the TGO/top coat interface roughening, which is the mainly cause to the interface cracking.
Finally, the delamination of the coating will occur at the TGO/top coat interface.
Although a rough surface of the bond coat should be beneficial to the APS TBC's durability [7] , these bond coats are preferred to have a dense structure to avoid the internal oxidation. The internally oxidized bond coat plays a minor role to improve the TBC's durability. Instead, it can result in the TGO/top coat interface roughening, which directly induces the interface cracking. The disadvantages of the internal oxidation outweigh its advantages for the APS TBCs with a double-layered bond coat.
Concluding remarks
The failure of APS TBC with a double-layered NiCoCrAlY bond coat was investigated.
The delamination of the top coat mainly located at the top coat/TGO interface after thermal cycling test. Significant internal oxidation was observed due to the relatively porous structure of outer bond coat. The major findings can be summarized as follows:
1) Internal oxidation plays a key role in the volumetric expansion of the bond coat, and the inter-diffusion between the bond coats and substrate has less effects. The presence of the top coat can suppress the in-plane swelling of the outer bond coat thus lowering the internal oxidation rate.
2) Internal oxidation is also the dominant cause for the TGO/top coat interface roughening, which is a direct factor to the TBC's failure. A small amount of internal oxides cannot result in TGO/top coat interface roughening with the constraint of the top coat. The top coat delamination will generate if the TGO/top coat interface roughness increases more than 1 μm.
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3) The presence of internal oxides plays a minor role in decreasing the CTE misfit stress in the top coat. Instead, the TGO/top coat interface roughening will directly induce the delamination. The internal oxidation may be more detrimental than beneficial for the APS TBCs with a double-layered bond coat. 12 The schematic of the multilayer systems for the thermal misfit stresses calculation. Fig. 13 The calculated thermal misfit stresses in the TBC systems. Fig. 14 The dependence of the roughness increases on the internal oxides fraction. Fig. 15 Summarized schematics of internal oxidation process and failure modes for the APS TBCs with a double-layered bond coat. 
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